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The pos si bil ity of ex press ing the to tal par ti cle and en ergy re flec tion co ef fi cients of low-en ergy
pho tons in the form of uni ver sal func tions valid for dif fer ent shield ing ma te ri als is in ves ti gated
in this pa per. The anal y sis is based on the re sults of Monte Carlo sim u la tions of pho ton re flec -
tion by us ing MCNP, FOTELP, and PENELOPE codes. The nor mal in ci dence of the nar row
monoenergetic pho ton beam of the unit  in ten sity  and  of  ini tial en er gies from 20 keV up to
100 keV is considered, and par ti cle and en ergy re flec tion co ef fi cients from the plane ho mog e -
nous tar gets of wa ter, alu mi num, and iron are de ter mined and com pared. The rep re sen ta tions
of albedo co ef fi cients on the ini tial pho ton en ergy, on the prob a bil ity of large-an gle pho ton
scat ter ing, and on the mean num ber of pho ton scatterings are ex am ined. It is found out that
only the rescaled albedo co ef fi cients de pend ent on the mean num ber of pho ton scatterings have
the form of uni ver sal func tions and these func tions are de ter mined by ap ply ing the least square
method.
Key words: pho ton re flec tion, to tal num ber albedo, to tal en ergy albedo, Monte Carlo method, mean
num ber of pho ton scatterings
INTRODUCTION
It has been known that par ti cle re flec tion from a
pla nar tar get can be de scribed by uni ver sal func tions
and that has been the topic of ex ten sive re search, anal -
y ses, and ap pli ca tion in the phys ics of ions – par tic u -
larly in the anal y ses of the re flec tion of light low-en -
ergy ions from heavy tar gets (the en ergy do main of
hun dreds of eV to tens of keV) [1-5]. Re cently, it has
been shown that the re flec tion of high-en ergy (MeV
do main) light ions can be de scribed by the uni ver sal
func tions valid for all light ions and heavy tar gets as
well [6]. Uni ver sal func tions for the ion re flec tion
have been found by rescaling, i. e., re plac ing en ergy or
re duced en ergy as an in de pend ent vari able in the anal -
y ses by a new com plex vari able – func tion n. This
quan tity de notes the num ber of large-an gle scatterings 
of light ions in the tar get ma te rial dur ing their pen e tra -
tion be fore their fi nal stop ping.
In this pa per we in ves ti gate the pos si bil ity to de -
scribe pho ton re flec tion in the do main of ini tial en er -
gies of up to 100 keV, i. e., to de scribe the to tal pho ton
co ef fi cients – the to tal num ber albedo a EN ( , )0 0q  and 
the to tal en ergy albedo a EE ( , )0 0q  – by uni ver sal
func tions valid for typ i cal shield ing ma te ri als used for
pro tec tion from ion iz ing ra di a tion. In or der to ex plain
clearly the base line for the con cept of uni ver sal func -
tions, our dis cus sion will start with the stan dard rep re -
sen ta tion of the re flec tion co ef fi cients de pend ent on
the ini tial pho ton en ergy, then will pro ceed with the
prob a bil ity of large-an gle pho ton scat ter ing, and fi -
nally will fo cus on the mean num ber of pho ton
scatterings be fore the fi nal re flec tion from the pla nar
tar get.
The re sults pre sented in this pa per are a part of the
sys tem atic re search of low-en ergy pho ton re flec tion
per formed dur ing sev eral years and partly pub lished
else where [7-10]. Val ues for the to tal num ber and en -
ergy albedo were cal cu lated based on the Monte Carlo
sim u la tions of pho ton re flec tion by MCNP [11],
FOTELP [12], and PENELOPE [13] codes. The nor mal 
in ci dence of a pho ton beam, with the ini tial en er gies of
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20 keV to 100 keV, to the ho mog e nous in fi nite slab of a
shield ing ma te rial (wa ter, alu mi num, and iron) was
mod eled and sim u lated. An gu lar and en ergy de pend ent
albedo co ef fi cients were de ter mined, as well as the
mean num ber of con sec u tive scatterings be fore the fi nal 
re flec tion from the tar get ma te rial. These data have
been gen er ated dur ing a lon ger pe riod from Monte
Carlo sim u la tions and from the sub se quent anal y ses,
and they have been used as a ba sis for the de vel op ment
of the uni ver sal func tion con cept pre sented here.
DEFINITION OF REFLECTION
COEFFICIENTS
To tal albedo co ef fi cients are de fined as integrals
of the dif fer en tial par ti cle albedo over the an gle and
en ergy [8, 9, 14]. Dif fer en tial albedo is de fined for a
nar row pho ton beam of a unit in ten sity and ini tial en -
ergy E0 which hits the pla nar half-space scat ter ing me -
dia in the point se lected as or i gin of the co-ordiante
sys tem un der the po lar an gle q0, mea sured from the
line per pen dic u lar to the bound ary plane. This quan -
tity rep re sents prob a bil ity for the pho ton re flec tion
from the unit area of the scat ter ing me dia lo cated
arround the point of in ci dence (x, y, z = 0) where re -
flected pho tons have the en ergy in the unit in ter val dE
arround the en ergy E and the di rec tion in the unit solid
an gle dW arround the di rec tion de fined by the vec torr
W. This dif fer en tial albedo is de noted as 
a E E x y( , ; , , , , )0 0q q j ,  where q and j are po lar and az -
i muthal an gle of the re flected pho tons.
The point of the pho ton de tec tion in ex per i men -
tal prac tice is far enough from the bound ary sur face of
the scat ter ing me dia so it can be as sumed that pho tons
are re flected from the same point where the in ci dent
beam hits the me dia. Thus, dif fer en tial albedo can be
pre sented as a quan tity which has no de pend ence on
the space co-or di nates x and y
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and is named dif fer en tial spec tral albedo – the en -
ergy-an gu lar dis tri bu tion of back scat tered ra di a tion.
Some times this quan tity is called dou ble-dif fer en tial
albedo in or der to em pha size its dif fer en tial char ac ter
with re gard to both en ergy E and the di rec tion vec tor 
r
W.
To tal albedo co ef fi cients can be ob tained by the
in te gra tion of the dou ble-dif fer en tial albedo over the
en ergy and solid an gle do main: to tal num ber albedo
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In prac tice, re flec tion co ef fi cients are cal cu lated
based on the dif fer ence albedo co ef fi cients 
a EN
ji ( , )0 0q , gen er ated from the Monte Carlo nu mer i -
cal ex per i ment, which cor re sponds to the integrals of
the dif fer en tial spec tral albedo a E E( , ; , , )0 0q q j  over
the se lected pho ton en ergy in ter val ∆Ej and the cho sen
solid an gle seg ment ∆Wi
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Dif fer ence num ber albedo a EN
ji ( , )0 0q  rep re -
sents prob a bil ity for pho ton re flec tion from the bound -
ary sur face within the en ergy in ter val DEj and the solid
an gle el e ment DWi in te grated over the az i muthal an -
gle. Sim i lar to the to tal num ber albedo, this quan tity is
dimensionless.
De tails on the per formed Monte Carlo sim u la -
tions and on the way dif fer ence albedo co ef fi cients  
a EN
ji ( , )0 0q   for wa ter, alu mi num, and iron were cal cu -
lated are pre sented in ref. [14]. The set of val ues for dif -
fer ence albedo co ef fi cients a EN
ji ( , )0 0q  cal cu lated on
the ba sis of the sim u la tion re sults was ob tained for nine
equal in ter vals of the po lar an gle q, each 10° wide, and
for ten equally wide en ergy in ter vals (E0/10 is the width
of each en ergy group). The to tal num ber albedo can be
ob tained by sum ming dif fer ence co ef fi cients 
a EN
ji ( , )0 0q  over all the an gle and en ergy in ter vals
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while to tal en ergy albedo is ob tained ac cord ing to def -
i ni tion (3)
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where Ej de notes av er age en ergy of the j-th en ergy in -
ter val.
In the ex pres sions (5) and (6) for the to tal re flec -
tion co ef fi cients, ar gu ment  q0 has been omit ted as the
anal y sis deals with the nor mal pho ton in ci dence (q0 =
= 0°) to the tar get ma te rial only .
THREE REPRESENTATIONS OF THE
REFLECTION COEFFICIENTS
Three ma te ri als were se lected for the anal y ses –
wa ter, alu mi num, and iron. Wa ter rep re sented a pre -
dom i nantly scat ter ing me dia while iron was cho sen as
a pre dom i nantly ab sorb ing me dia for pho tons. The
con sid er ations pre sented here cover the fol low ing rep -
re sen ta tions of the re flec tion co ef fi cients: (a) tra di -
tional rep re sen ta tion – albedo de pend ence on the ini -
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tial pho ton en ergy E0, (b) novel rep re sen ta tion –
albedo de pend ence on the prob a bil ity of large-an gle
pho ton scat ter ing, i. e., on pa ram e ter c′, and (c) new est
in ter pre ta tion – the de pend ence of re flec tion co ef fi -
cients on the mean num ber of pho ton scatterings n.
Co ef fi cients de pend ent on the ini tial
pho ton en ergy E0
The val ues for the to tal num ber albedo aN(E0) for 
wa ter, alu mi num, and iron are given in tab. 1. For all
three ma te ri als these co ef fi cients were cal cu lated by
MCNP code for nine ini tial pho ton en er gies rang ing
from 20 keV to 100 keV, with the ini tial en ergy in cre -
ment of 10 keV. The re sults were ver i fied by FOTELP
and PENELOPE codes for the ini tial pho ton en er gies
of 40 keV, 60 keV, and 100 keV.
The agree ment be tween the val ues cal cu lated by
MCNP and FOTELP codes for wa ter is very good,
rang ing from less than 10% of rel a tive dis crep ancy for
the lower limit of the ini tial pho ton en er gies and reach -
ing only 2-3% for the up per limit of 100 keV and the
ini tial en er gies close to this one. PENELOPE code
gives the val ues of the re flec tion co ef fi cients lay ing
be tween these two sets of re sults, a bit closer to the re -
sults ob tained by FOTELP code. Sim i lar con clu sion
about the agree ment of the re sults is valid for alu -
minum, where all three sets of re sults are within
0.5-2% for the ini tial pho ton en ergy of 100 keV. For
the iron tar get the dis crep an cies of the re sults are
higher. MCNP and PENELOPE codes are in better
agree ment: for the ini tial pho ton en ergy of 40 keV rel -
a tive dis crep an cies are bel low 30% while for 60 keV
and 100 keV the agree ment is much better re duc ing
dis crep an cies to less than 2%. The FOTELP code re -
sults dif fer from the MCNP re sults more for low ini tial
en er gies, but for 100 keV the agree ment is within 4%.
Gen er ally, the re sults ob tained by three dif fer ent codes 
are closer for higher ini tial pho ton en er gies than for
lower ones, and the sat is fac tory agree ment was not ob -
tained for the iron tar get and low ini tial pho ton en er -
gies. Such be hav ior of the re sults can be ex plained by
high pho ton ab sorp tion in iron, es pe cially for low ini -
tial pho ton en er gies (for E0 = 40 keV the to tal num ber
albedo for iron is more than 20 times lower than the
albedo for wa ter), so the sim u la tion of the pho ton re -
flec tion has to be per formed with very large num ber of
pho ton his to ries to get re li able re sults. It has to be
noted that the MCNP sim u la tions in volved three times
more pho ton his to ries than the sim u la tions with two
other codes [8]. Thus, the FOTELP and PENELOPE
re sults for the iron tar get and the low est ini tial pho ton
en er gies have the high est sta tis ti cal un cer tain ties
amongst the Monte Carlo re sults considered. For the
ini tial pho ton en ergy of 100 keV, where nine times
more pho tons are re flected from iron than for 40 keV,
the re li abil ity of the re sults is higher and the agree ment 
be tween the three codes is quite sat is fac tory.
The re sults for the to tal en ergy albedo for wa ter,
alu minum and iron and the ini tial pho ton en er gies
from 20 keV to 100 keV, with 10 keV en ergy in cre -
ment, ob tained from the sim u la tions of pho ton re flec -
tion per formed by MCNP code are pre sented in tab. 2.
The val ues of the re flec tion co ef fi cients  aN(E0)
and aE(E0) for wa ter, given there, are in a very good
agree ment with the ref er ent re sults from Mashkovich
Man ual [15], which is il lus trated in tab. 3.
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Table 1. Total photon number albedo for water, aluminum, and iron obtained by numerical simulation using MCNP (1),
FOTELP (2), and PENELOPE (3) codes
E0 [keV]
Water Aluminum Iron
(1) (2) (3) (1) (2) (3) (1) (2) (3)
20
30
40
50
60
70
80
90
100
0.0478
0.128
0.209
0.273
0.319
0.351
0.373
0.389
0.400
0.0435
0.117
0.196
0.259
0.306
0.340
0.363
0.379
0.391
0.201
0.309
0.392
0.00728
0.0232
0.0490
0.0809
0.114
0.145
0.173
0.197
0.216
0.0473
0.110
0.213
0.0517
0.115
0.216
0.0224
0.0102
0.00890
0.0115
0.0162
0.0221
0.0291
0.0365
0.0444
0.0053
0.0142
0.0422
0.0064
0.0164
0.0451
Table 3. Comparison of MCNP simulations
with the referent results for total albedo
coefficients
Albedo
coefficient
Source of
results
Initial photon energy E0 [keV]
20 50 100
aN (E0) MCNP simulationMashkovich [15]
0.048
0.050
0.273
0.276
0.400
0.391
aE (E0) MCNP simulationMashkovich [15]
0.045
0.047
0.224
0.227
0.264
0.257
Table 2. Total photon energy albedo for water, aluminum,
and iron obtained by numerical simulation using MCNP
code
E0 [keV] Water Aluminum Iron
20
30
40
50
60
70
80
90
100
0.0453
0.116
0.178
0.223
0.251
0.262
0.266
0.266
0.264
0.00686
0.0215
0.0425
0.0686
0.0953
0.116
0.133
0.146
0.156
0.00831
0.00425
0.00526
0.00854
0.0130
0.0175
0.0225
0.0277
0.0333
It can be con cluded that for both an a lyzed to tal
albedo co ef fi cients there is a good agree ment of the re -
sults cal cu lated based on the MCNP sim u la tions of
pho ton re flec tion from wa ter with the ref er ent re sults
for wa ter. For the en tire ini tial pho ton en ergy do main
up to 100 keV dis crep an cies are within 2-3%.
Fig ures 1 and 2 show to tal re flec tion co ef fi cients 
as a func tion of the ini tial pho ton en ergy E0. It is ob vi -
ous that both num ber and en ergy co ef fi cients are not
only de pend ent on the ini tial pho ton en ergy E0, but
there is also a strong de pend ency on the tar get ma te -
rial. That is why in many pa pers and man u als deal ing
with ra di a tion pro tec tion the albedo co ef fi cients for
the lim ited num ber of the most im por tant shield ing
ma te ri als have been pre sented in ta bles or graphs [15].
Ac cord ing to the best knowl edge of the au thors, there
has been no at tempt or ex am ple in the avail able lit er a -
ture to pres ent to tal pho ton re flec tion co ef fi cients as
unique func tions which would be valid for sev eral im -
por tant shield ing ma te ri als.
Co ef fi cients de pend ent on the pa ram e ter c′
– prob a bil ity of large-an gle pho ton scat ter ing 
Prob a bil ity for the pho ton scat ter ing in the en -
ergy do main of up to 100 keV is de ter mined by the ra -
tio of the sum of lin ear in ter ac tion co ef fi cients for co -
her ent (Ray leigh) scat ter ing mcoh and non-co her ent
(Compton) scat ter ing mC and the to tal in ter ac tion co ef -
fi cient m (the sum of the lin ear co ef fi cients for
photo-elec tric ef fect, co her ent and non-co her ent scat -
ter ing). As there are small-an gle pho ton scatterings
dur ing a co her ent in ter ac tion, where the re duced en -
ergy of the scat tered pho ton is very close to the en ergy
of the in ci dent pho ton, for not so pre cise anal y ses of
the pho ton in ter ac tions it is pos si ble to ne glect the con -
tri bu tion of the co her ent pho ton scatterings. Then the
prob a bil ity of pho ton scat ter ing is de fined by [10]
′ =
′
c m
m
C (7)
where m′ is the sum of the co ef fi cients for photo-elec -
tric ef fect and Compton scat ter ing. The pa ram e ter c′
can be un der stood as a prob a bil ity of large-an gle pho -
ton scat ter ing.
Re cently, by in tro duc ing this pa ram e ter into
pho ton re flec tion anal y ses, a sim pler and more clear
in sight into the pho ton re flec tion pro cess in the en ergy
do main of up to 100 keV has been achieved [10, 14]. It
has been dem on strated that with in creas ing pa ram e ter 
c′ the num ber of scatterings that pho tons un dergo be -
fore the fi nal es cape from the ma te rial in creases as
well and that value c′ de ter mines the an gu lar and en -
ergy dis tri bu tion of the albedo co ef fi cients. Here the
be hav ior of the to tal albedo co ef fi cients as the func -
tions of the pa ram e ter c′ is ana lysed in brief. It has to be 
noted that with the in crease of the ini tial pho ton en ergy 
up to 100 keV the pa ram e ter c′ reaches the value close
to 1 for wa ter or ap prox i mately 0.9 for alu minum,
while for iron the ini tial pho ton en ergy of 100 keV cor -
re sponds to c′ value of about 0.4 (tab. 4).
Fig ures 3 and 4 show to tal albedo co ef fi cients as
func tions of the pa ram e ter c′ in stead of the ini tial pho -
ton en ergy E0. This rescaling of the ab scissa (x-axis)
was done by cal cu lat ing c′ value for each ma te rial for
the given ini tial pho ton en ergy E0 based on the data
from lit er a ture [15].
It can be seen from figs. 3 and 4 that to tal re flec -
tion co ef fi cients for dif fer ent ma te ri als do not dif fer
too much for the same c′ val ues and that their graphs
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Fig ure 1. To tal num ber albedo as a func tion of the ini tial
pho ton en ergy E0
Fig ure 2. To tal en ergy albedo as a func tion of the ini tial
pho ton en ergy E0
Table 4. Parameter c¢ – probability of large-angle photon
scattering
Material
Initial photon energy E0 [keV]
20 40 60 80 100
Water 0.245 0.763 0.922 0.968 0.983
Aluminum 0.042 0.298 0.607 0.791 0.885
Iron 0.005 0.039 0.122 0.247 0.389
have sim i lar in creas ing trends. Al though rescaling the
x-axis from E0 to c′ did not re sult in ob tain ing uni ver -
sal func tions for to tal pho ton re flec tion, this step con -
trib uted in the right di rec tion any way – to wards the
better com pli ance of the re flec tion co ef fi cients for dif -
fer ent ma te ri als.
Co ef fi cients de pend ent on the pa ram e ter n  
– mean num ber of pho ton scatterings
The de pend ence of the to tal re flec tion co ef fi -
cients on the mean num ber of pho ton scatterings n be -
fore the fi nal es cape from the tar get was ana lysed
based on the re sults of Monte Carlo sim u la tions per -
formed by FOTELP code. For all three shield ing ma te -
ri als and for each se lected ini tial pho ton en ergy E0, the
mean num ber of pho ton scat ter ing n be fore es cap ing
from the tar get me dia was de ter mined by the nu mer i -
cal pro cess ing of the sim u la tion re sults. The out comes
of the FOTELP code sim u la tions were the an gu lar-en -
ergy dis tri bu tions of re flected pho tons de com posed
ac cord ing to the num ber of pho ton col li sions in the
ma te rial and n was cal cu lated from the data cor re -
spond ing to the ab so lute peak of these dis tri bu tions
(see tab. 5). This peak al ways be longs to the exit po lar
an gle in ter val  q ∈ (40°, 50°), where q is mea sured
from the out ward nor mal of the in ci dent tar get plane.
Look ing at the exit pho ton en ergy, the peak of the re -
flected pho ton en ergy dis tri bu tion is shifted from
higher to lower en er gies with the in crease in num ber of 
scatterings un der gone be fore the fi nal pho ton re flec -
tion. It was al ready noted [10] that the num ber of pho -
ton scatterings and, con se quently, the mean num ber of
scatterings n de pended on both the tar get ma te rial and
the ini tial pho ton en ergy E0: in lighter ma te ri als and
for higher en er gies, pho tons are re flected af ter a larger
num ber of scatterings than in heavier ma te ri als and at
lower ini tial pho ton en er gies. This is how figs. 5 and 6
were gen er ated.
It can be seen that the val ues for to tal re flec tion
co ef fi cients form only one curve with the com mon
shape for all the ma te ri als con sid ered. Uni ver sal
curves in the form of the sec ond de gree poly no mi als
were de ter mined by ap ply ing the least square meth -
ods: for to tal num ber albedo
a n n nN ( ) . . .= − + −0639 0687 0112
2 (8)
and for to tal en ergy albedo
a n n nE ( ) . . .= − + −0604 0680 0133
2 (9)
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Fig ure 3. To tal num ber albedo as a func tion of the
prob a bil ity of large-an gle pho ton scat ter ing c′
Fig ure 4. To tal en ergy albedo as a func tion of the
prob a bil ity of large-an gle pho ton scat ter ing c′
Table 5. Parameter n – mean number of photon
scatterings before escaping target material
Material
Initial photon energy E0 [keV]
20 40 50 60 100
Water 1.24 – 1.93 – 2.63
Aluminum – 1.29 – 1.43 1.69
Iron – 1.06 – – 1.23
Fig ure 5. To tal num ber albedo as a func tion of the mean
num ber of pho ton scatterings n
CONCLUDING CONSIDERATIONS
This pa per dem on strates that to tal albedo co ef fi -
cients  for  pho ton  re flec tion  in en ergy do main from
20 keV to 100 keV can be de scribed by uni ver sal func -
tions. The scal ing pa ram e ter in pho ton re flec tion is  n – 
the mean num ber of con sec u tive pho ton scatterings
un der gone be fore es cap ing from the tar get. This is the
main dif fer ence be tween the pho ton re flec tion and ion
re flec tion where scal ing pa ram e ter n rep re sents the
num ber of ion col li sions with large-an gle scat ter ing
be fore the fi nal stop ping in the tar get ma te rial. Pos si -
bil ity to de fine re flec tion co ef fi cients as uni ver sal
func tions which are in de pend ent from the tar get ma te -
rial em pha sizes the dom i na tion of the sta tis ti cal na ture
of the re flec tion pro cess over the char ac ter is tics of a
sin gle pho ton in ter ac tion in the ma te rial.
Uni ver sal re flec tion func tions were for mu lated
for the nor mal pho ton in ci dence on the pla nar tar get.
Here, we did not treat the be hav iour of pho ton beams
pen e trat ing into the tar get un der oblique an gles. In such
a case, the con tri bu tion of once scat tered pho tons to to -
tal re flec tion is higher, while the con tri bu tion of pho -
tons scat tered more than once de creases. Still the gen er -
al iza tion of con clu sions pre sented in this pa per to the
more uni ver sal case of oblique pho ton in ci dence seems
pos si ble, but not well-founded with out ad e quate ex per -
i men tal proofs or Monte Carlo sim u la tion re sults.
Based on the re sults of pho ton re flec tion anal y -
ses pub lished ear lier [16], the ex ten sion of the en ergy
do main to wards higher en er gies for which uni ver sal
func tions might be valid could be ex pected, but the re -
sults of sys tem atic Monte Carlo sim u la tions are nec es -
sary to sup port such con clu sion.
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UKUPNI  KOEFICIJENTI  REFLEKSIJE  NISKOENERGETSKIH
FOTONA  PREDSTAVQENI  KAO  UNIVERZALNE  FUNKCIJE
U radu je ispitana mogu}nost prikazivawa ukupnih ~esti~nih i energetskih
koeficijenata refleksije niskoenergetskih fotona za{titnih materijala u obliku univerzalnih
funkcija. Analiza se zasniva na rezultatima Monte Karlo simulacija fotonske refleksije koji su
dobijeni programima MCNP, FOTELP i PENELOPE. Simuliran je vertikalni prodor uskog
monoenergetskog snopa fotona jedini~nog intenziteta sa po~etnim energijama od 20 keV do 100 keV, 
u ravne homogene mete na~iwene od vode, aluminijuma i gvo`|a i izra~unata je ~esti~na i
energetska refleksija. Prikazani su albedo koeficijenti u zavisnosti od po~etne energije
fotona, od verovatno}e rasejawa fotona na veliki ugao i od sredweg broja rasejawa fotona.
Pokazano je da jedino albedo koeficijenti dati u zavisnosti od sredweg broja rasejawa fotona
imaju oblike univerzalnih funkcija, koje su odre|ene primenom metode najmawih kvadrata.
Kqu~ne re~i: refleksija fotona, ukupni brojni albedo, ukupni energetski albedo, Monte 
.........................Karlo metoda, sredwi broj rasejawa fotona
